Background. Oral azithromycin given to women in labor decreases maternal and neonatal bacterial carriage but increases azithromycin-resistant bacteria during at least 4 weeks following the intervention. We assessed the prevalence of bacterial carriage and azithromycin resistance 12 months after treatment among study infants.
MDA-Z may increase the prevalence of macrolide resistance, even after the administration of a single dose. In The Gambia, MDA-Z resulted in a short-term increase in azithromycin-resistant Streptococcus pneumoniae [9] , while in Tanzania a single dose of MDA-Z increased prevalence of resistance for >6 months [13] . The prevalence was also high in Ethiopia among children after receipt of several annual doses [14] and declined after azithromycin was discontinued [15] .
For Staphylococcus aureus, another common bacterial pathogen, there are increasing data on the effect of MDA-Z on resistance. In rural Gambia [3] , 3 annual rounds of MDA-Z were associated with a long-term (30 months after the first round MDA-Z) increase in both the prevalence of azithromycin-resistant and inducible macrolide lincosamides and streptogramin B (MLS B )-resistant S. aureus [16] . In Papua New Guinea, the proportion of azithromycin-resistant S. aureus was 5 times higher among pregnant women treated with azithromycin than in those in the control group [17] .
In a recent trial in The Gambia, administering 2 g of oral azithromycin during labor reduced significantly maternal and neonatal nasopharyngeal carriage of S. pneumoniae, S. aureus, and group B Streptococcus [6] , as well as maternal and neonatal infections [18, 19] . Four weeks after birth, children in the intervention arm had similar prevalence of nasopharyngeal carriage of S. pneumoniae azithromycin resistance compared to those in the control arm (2.1% vs 2.2%; P = 1.000), but higher prevalence of S. aureus azithromycin resistance (4.5% vs 16.7%; P < .001) [20] . To determine the persistence of azithromycin resistance among study children, we collected nasopharyngeal swabs (NPSs) at their first birthday.
MATERIALS AND METHODS

Study Site and Population
Trial participants were recruited from the Bundung Maternal and Child Health Hospital, formerly called Jammeh Foundation for Peace, a government-run health center located in western Gambia that manages on average 4500 deliveries per year [21] . The population covers the main ethnic groups in The Gambia with a high illiteracy rate. The climate of the area is typical of the sub-Sahel region.
Main Trial
Details of the study protocol have been described elsewhere [21] . In brief, this was a phase 3, double-blind, placebo-controlled trial where 829 pregnant women attending the labor ward in the study health facility were randomized to receive a single oral dose of 2 g of either oral azithromycin or placebo (ratio 1:1). The trial started in April 2013 and lasted 14 months (12-month recruitment period and 2 additional months of follow-up). Study participants (women and their newborns) were monitored for 8 weeks after the intervention. Neonatal NPSs were collected during the first 4 weeks of the follow-up as part of the trial. Prevalence of nasopharyngeal carriage of S. pneumoniae was significantly lower during the entire neonatal period among neonates exposed to azithromycin (at day 28: 37.2% vs 24.8%; prevalence ratio [PR], 0.67 [95% confidence interval {CI}, .53-.83]; P < .001). Prevalence of carriage of S. pneumoniae-resistant strains was low throughout and similar between arms (at day 28: 2.1% vs 2.2%; PR, 1.04 [95% CI, .40-2.75]; P = 1.000). For S. aureus, prevalence of nasopharyngeal carriage peaked at day 6 and by day 28 was still significantly lower in the azithromycin arm (35.3% vs 25.6%; PR, 0.73 [95% CI, .58-.91]; P = .005), whereas prevalence of azithromycin-resistant S. aureus carriage peaked at day 28 (4.5% vs 16.7% in the azithromycin and placebo arms; PR, 3.68 [95% CI, 2.19-2.75]; P < .001) [20] .
Cross-sectional Survey
Between November 2014 and May 2015, children aged 12 months (range, 11-13 months) whose mother had participated in the main trial were visited at home and had an NPS collected. Consent was obtained by a trained nurse blinded to the treatment allocation.
Ethical Approval
Both the main trial and the cross-sectional survey (CSS) were approved by the Joint Medical Research Council/The Gambia Government Ethics Committee. Mothers of children included in the CSS signed an additional informed consent.
Sample Handling
The NPS was collected using calcium alginate (Expotech USA) swab as described previously [21] . In brief, each swab was immediately placed into a vial containing skim milk-tryptone-glucose-glycerol transport medium and then into a cold box before being transported to the laboratory within 8 hours [22] . Upon receipt, the tubes were vortexed for a minimum of 20 seconds before being stored in freezers at -70°C.
Laboratory Methods
Details of the laboratory methods were described previously [21] . In brief, 50 μL of the sample was dispensed onto gentamicin blood agar (GBA) (CM0331 Oxoid, United Kingdom, plus 5% sheep blood) and mannitol salt agar (MSA) (CM0085 Oxoid, United Kingdom) for selective isolation of S. pneumoniae and S. aureus, respectively.
Streptococcus pneumoniae
After 20-24 hours of incubation at 37°C with 5% carbon dioxide, GBA plates were examined for typical α-hemolytic colonies. Morphologically distinct α-hemolytic colonies were selected and subcultured on another blood agar to obtain pure growth and screened for optochin susceptibility [22] . Streptococcus pneumoniae isolates were confirmed as described previously [21] .
Staphylococcus aureus
Following 48 hours of incubation at 37°C, MSA plates were examined for typical staphylococci colonies. Pale to golden yellow dome-shaped colonies 1-2 mm in diameter were cultured onto blood agar to obtain pure growth. A coagulase test was performed on all suspected colonies using the Staphaurex plus kit (Oxoid, United Kingdom, catalog number OXR30950201). Isolates testing positive for coagulase were confirmed to be S. aureus.
Antibiotic Susceptibility Testing
Antibiotic susceptibility was performed as described previously [21] . In brief, resistance was initially screened by disk diffusion method. Both S. pneumoniae and S. aureus isolates were screened using the following antibiotic discs: azithromycin (15 μg), chloramphenicol (30 μg), clindamycin (2 μg), and erythromycin (15 μg). In addition, only S. pneumoniae isolates were screened for trimethoprim-sulfamethoxazole (1.25/23.75 μg) and oxacillin (1 μg), and S. aureus isolates were screened for cefoxitin (30 μg) . All isolates that were of intermediate or resistant by the disk diffusion method were further tested using the Etest for confirmation except those isolates resistant to cotrimoxazole. Due to limited resources, only 90 of these isolates were randomly selected to be confirmed by the Etest. Susceptibility to the different antibiotics was determined following the Clinical and Laboratory Standards Institute guidelines [23] . In addition, D-test was performed on all macrolide (azithromycin and/ or erythromycin)-resistant clindamycin-sensitive isolates to assess inducible clindamycin resistance [24] . In an additional effort to confirm resistance, all S. pneumoniae isolates found to be resistant by Etest to azithromycin, erythromycin, or clindamycin were retested using the VITEK-2 (bioMérieux, France). The VITEK-2 results were considered definitive.
Data Management and Statistical Analysis
Laboratory data were transcribed onto bar-coded forms and submitted to data management for entry. The data were double entered in OpenClinica (www.openclinica.com), and antibiotic susceptibility data for S. pneumoniae were stored in a REDcap database.
For each antibiotic, the resistant bacterial carriage prevalence was compared between trial arms using the χ 2 test. This was done for both S. pneumoniae and S. aureus. In addition, we assessed if resistance up to day 28 posttreatment was associated with resistance 12 months later. For this analysis, only children who were sampled during all 5 time points in the trial (days 0, 3, 6, 14, and 28) and were also sampled in the 12-month CSS were included. All analyses were carried out using Stata version 12.0 software.
RESULTS
Study Population
Among 814 study children alive at the end of the initial trial period (8 weeks of age), 5 had died and 196 were >13 months at the time of the CSS survey. Among the remaining 613 children, 465 (76.0%) were enrolled in this study and NPSs were collected from 461 of them (99.1%). Demographic characteristics were similar between children included in the CSS and those who were not (Table 1) . Baseline characteristics (sex, ethnic group, season at birth, maternal age, and age at follow-up) in the azithromycin (n = 226) and the placebo groups (n = 235) were similar, except for a higher number of multiple pregnancies in the placebo arm (P = .037; Table 2 ).
Prevalence of Bacterial Carriage
The prevalence of S. pneumoniae carriage was high and similar between arms (85.0% vs 82.1% in the azithromycin and placebo arms, respectively; odds ratio [OR], 1.23 [95% CI, .73-2.08]; Table 3 ). The prevalence of S. aureus carriage was lower but also similar between arms (21.7% vs 21.3% in the azithromycin and placebo arms respectively; OR, 1.02 [95% CI, .64-1.64]).
Prevalence of Antibiotic Resistance
Streptococcus pneumoniae
Only 6 of the 385 S. pneumoniae isolates were resistant to azithromycin, and prevalence was similar between study arms (1.8% vs 0.9% in the azithromycin and placebo arms, respectively; OR, 2.10 [95% CI, .30-23.38]). Prevalence of S. pneumoniae resistance against the other antibiotics tested was also similar between arms (Table 4 ). D-test was performed on 14 samples (6 azithromycin and 8 erythromycin resistant) and all were negative. Resistance to cotrimoxazole based on disk diffusion was the highest among all the antibiotics tested (Table 4 ). Among the cotrimoxazole-resistant isolates, 30% were retested using Etest and 63.3% (57 of 90) were confirmed. All S. pneumoniae isolates were susceptible to at least 3 of the antibiotics tested, except for 1 isolate in the azithromycin arm that was susceptible to only 2 antibiotics (Figure 1 ).
Staphylococcus aureus
Overall, 13 of the 99 S. aureus isolates were resistant to azithromycin, and prevalence was similar between study arms (3.1% vs 2.6% in the azithromycin and placebo arms, respectively; OR, 1.22 [95% CI, .35-4.47]). Prevalence of S. aureus resistance against the other antibiotics was low (<3.0%) and similar between arms ( Table 4 ). All S. aureus isolates from both arms were susceptible to at least 1 of the antibiotics tested ( Figure 2 ).
Association of Azithromycin Resistance up to 28 Days and 1 Year Posttreatment (CSS)
There were 427 participants with complete information on S. pneumoniae and S. aureus resistance (samples at the 5 time points during the neonatal period and at 1 year posttreatment). For S. pneumoniae, 0.73% of the participants not carrying a resistance strain during the neonatal period had a resistant strain 1 year after birth; prevalence of resistant strains was significantly higher (14.3%) in those carrying a resistant strain during the neonatal period (P < .001). For S. aureus, prevalence of resistant strains at 1 year was not associated with carriage during the neonatal period (2.6% vs 3.9%; P = .524).
DISCUSSION
Twelve months after administering azithromycin to women in labor, the prevalence of S. aureus azithromycin resistance previously observed during the neonatal period had returned to baseline levels, with no differences between study arms. This was also true for S. pneumoniae azithromycin resistance. Prevalence of azithromycin-resistant pneumococcal carriage was low among infants from both groups. This was expected as prevalence of resistance was low and similar between trial arms during the 4 weeks following the intervention [20] . Our results are similar to those of the Gambian trachoma trial in which children received an annual dose of azithromycin for 1 or 3 years [9] and prevalence of S. pneumoniae azithromycin resistance was similar between arms 6 months after dose 3. They are also consistent with the trial conducted in northern Tanzania, where no association of prevalence of macrolide-resistant S. pneumoniae was found 6 months following MDA-Z [25] . Nevertheless, in some studies azithromycin resistance persists after MDA-Z. In Ethiopia, prevalence of azithromycin-resistant S. pneumoniae increased after 4 rounds of MDA-Z for trachoma control and did not return to baseline 12 months after the last round [14] . This is probably due to the higher prevalence of resistance at baseline (9.2%) [14] as compared to The Gambia (1.4%) [20] and Tanzania (0%) [25] , and to the larger number of MDA-Z rounds. Indeed, frequent exposure to treatment and higher resistance at baseline are associated with increased prevalence of macrolide resistance that persists for a very long time [26] . Only 1 isolate (from the azithromycin arm) showed resistance to both macrolides and clindamycin, suggesting constitutive resistance. All clindamycin-sensitive, macrolide-resistant isolates had a negative D-test, indicating no evidence of inducible resistance. Macrolide exposure could potentially induce clindamycin resistance through methylation of the common ribosomal binding site for macrolides, clindamycin as well as streptogramin B (MLS B ), often referred to as the MLS B phenotype [27] . However, in our study population, macrolide exposure did not induce resistance to clindamycin.
For cotrimoxazole, two-thirds of the S. pneumoniae isolates resistant by disk diffusion were confirmed by Etest and, therefore, actual resistance was probably around 60%. Such high prevalence among the children has been previously described [28] and is probably the result of high cotrimoxazole use in The Gambia; no increase as a result of the intervention was observed.
Nearly all S. aureus isolates resistant to azithromycin were resistant to erythromycin and approximately two-thirds were also resistant to clindamycin, suggesting that the underlying mechanism was constitutive, mediated by the erm gene [27] . There were 2 cases of methicillin-resistant S. aureus (MRSA) in the study, both in children from the placebo arm, and therefore not associated with the intervention. To our knowledge, this is the first time MRSA has been reported from carriage in The Gambia, although it was previously reported from invasive isolates [29] .
This study had some limitations. One is the lack of information between the last sample collection in the main trial and the survey done at the infants' first birthday. We were unable to determine how long S. aureus-resistant isolates persisted. Such information is important to determine the potential risk of resistance transmission and establishment within the population. Despite the lack of information on antibiotic use by the study participants between 2 and 12 months of age, we did not expect major differences between trial arms, as this was a randomized trial. The survey carried out at about 12 months postintervention was able to include about two-thirds of study participants, which is a substantial proportion of the study population; we did not observe significant differences between children included in the survey and those left out. Exposure to a macrolide in our study population may have also resulted in the emergence of macrolide-resistant, gram-negative bacteria. In Tanzania, rectal swabs collected from young children following MDA-Z exposure were significantly associated with higher azithromycin-resistant Escherichia coli carriage at 1 month post-MDA (OR, 15.27; P < .001) and all subsequent surveys [30] . Our analysis was based on gram-positive bacteria as we only collected NPS.
In conclusion, administering 2 g of azithromycin to Gambian women in labor induced a transient azithromycin resistance in S. aureus that lasted <12 months. Although the long-term impact on prevalence of resistance of the 2 bacteria is reassuring, pathogenicity and transmissibility of resistant S. aureus strains observed in the short term warrant further investigation. 
